rye flour. Used as an inhibitor, wheat flour inhibited IgE binding to lupine in 4 out of 8 sera, indicating cross-reactivity. In microarrays, these sera showed IgE binding to lipid transfer proteins, profilins and/or cross-reactive carbohydrate determinants. Further inhibition experiments suggest that these single allergens are involved in cross-reactivity. Conclusion: One third of 116 symptomatic bakers showed sIgE to lupine. At least some of these sensitizations were based on crossreactivity between lupine and wheat flour. However, the considerable sensitization rate could also be a sign that the use of lupine flour in bakeries may be of occupational relevance.
ed [4] . IgE cross-reactivities between lupine, peanut and other legumes have been documented [1, 5] and are mainly based on the homology of their storage proteins (conglutins) [6, 7] . The birch protein Bet v 1 is a homologue of a pathogenesis-related (PR-10) protein of lupine and peanut [8] and of soy bean [9] .
According to Moneret-Vautrin et al. [5] , the risk of crossed peanut-lupine food allergy is high, which is in contrast to the risk with other legumes. In a study comprising 1,522 patients with suspected food allergy, 25 showed a positive skin prick test (SPT) with lupine. Concomitant positive test reactions to soy, peanut and/or pea in 18 out of 25 patients led the authors to conclude that lupine sensitization appears to represent cross-reactivity to other legumes [10] . Out of 39 unselected peanut-sensitized patients, 82% had a positive SPT to lupine, and 35% showed clinical reactivity to lupine during oral challenge tests [11] . In contrast, clinically relevant lupine food allergies that are not associated with peanut or other legumes have rarely been reported [12, 13] .
In addition to ingestion, respiratory exposure -mostly at the workplace -also appears to result in allergic reactions to lupine. Parisot et al. [14] reported a case of occupationally induced inhalant allergy to lupine in a 30-year-old environmental technician. After handling lupine flour, the technician suffered from rhinitis, conjunctivitis, and angio-oedema. She showed specific IgE (sIgE) to lupine in the SPT as well as in the ImmunoCAP test. Furthermore, although sIgE to peanut was detected, she tolerated peanut ingestion without symptoms. In the same year, Crespo et al. [15] investigated 7 patients who were occupationally exposed to lupine and other seedbased flour. Three workers who reported work-related symptoms had a positive SPT with lupine, and 2 of them also reacted in the inhalation challenge as well as in the oral food challenge. Additionally, both showed cross-reactivity to other legumes but had no history of food allergy. In a cross-sectional study on 53 workers exposed to lupine during their work at a food processing company, 11 workers (21%) had a positive SPT to lupine. Seven of them (64%) were symptomatic, and 1 subject showed a positive specific bronchial challenge test with lupine. Cross-reactivity with other legumes could be detected in 4 lupine-sensitized subjects by SPT [16] . Hieta et al. [10] reported a case of occupational allergy caused by lupine in Finland. A 42-year-old baker with work-related rhinitis and dyspnoea had a positive SPT to lupine, whereas his SPT results to other flours used in the bakery and to soy, peanut and pea were negative. The serum concentration of sIgE to lupine was positive (3.5 kU/l), and therefore it was assumed that some batches of the imported flour used in the bakery contained lupine flour.
Occupational asthma is still a problem in European countries [17] . For many years, the main substances causing allergic occupational obstructive airway diseases in Germany were flour and bakery products [18] . Because lupine flour is increasingly used in bakeries and cases of occupational lupine allergy have been described, we aimed to study the frequency of lupine sensitization in a group of European bakers. In addition, we compared sIgE to lupine with sIgE to peanut, soy, wheat and rye flour and with the major birch allergen Bet v 1 and analysed the possible cross-reactivity between lupine and wheat flour.
Methods

Study Design and Subjects
This retrospective study includes all bakers who had been previously examined within a European multicentre study for the standardization of the diagnosis for occupational allergy (STADOCA) with the aim to improve the diagnosis of occupational allergy [19] . During the STADOCA project, allergologists collected sera and data from all patients who were examined within the scope of claims for compensation due to occupational asthma in the 15 participating European allergy centres. In total, we obtained data and sera from 116 bakers (37 Polish, 30 German, 18 Italian, 14 Spanish, 10 Austrian and 7 French), all suffering from work-related allergic symptoms. While examinations and SPTs were performed at the allergy centres in the respective countries, sIgE measurements were done centrally at our Institute for Prevention and Occupational Medicine. The study design and the protocol were reviewed and approved by the Ethics Committee of the Ruhr University Bochum in accordance with the Declaration of Helsinki.
Skin Prick Tests
To identify atopics, an SPT was performed with a panel of common inhalant allergens, including grass pollen, birch pollen and house dust mite (Dermatophagoides pteronyssinus) , all from Allergopharma (Reinbek, Germany), in all bakers. Atopy was defined as a mean wheal diameter of ≥ 3 mm in reaction to at least 1 of these common aeroallergens. Histamine (10 mg/ml) and saline were used as positive and negative controls, respectively.
sIgE Determination sIgE to wheat (f4), rye (f5) and lupine flour (f335) as well as to soy (f14), peanut (f13) and the recombinant single birch protein rBet v 1 (t215) were measured in all sera using ImmunoCAP (ThermoFisher Scientific, Uppsala, Sweden). sIgE values of ≥ 0.35 kU/l were considered positive.
In 8 selected sera samples with moderate-to-high lupine sIgE concentrations, sIgE to the cross-reactive carbohydrate determinant (CCD) horseradish peroxidase (HRP; Ro400) was tested using commercial ImmunoCAP. Wheat lipid transfer protein (LTP; Tri a 14.0201) and wheat profilin (Tri a 12.0102) were coupled to streptavidin ImmunoCAPs as previously described [20] and then used for sIgE measurement. For ImmunoCAP inhibition experiments, in the case of higher sIgE concentrations, sera were diluted to sIgE values of 2-3 kU/l. Fifty microlitres of these sera were mixed with 10 μl inhibitor solution or phosphate-buffered saline (PBS) before sIgE concentrations were measured using ImmunoCAP. Lupine and wheat flour (1 mg/ml PBS) as well as wheat LTP and wheat profilin (0.1 mg/ml PBS) and HRP (4.5 mg/ml PBS) were used as inhibitors. In the case of lupine, LTP and profilin, the material used for inhibition was identical to that bound to ImmunoCAPs. Inhibition rates below 20% were considered negative and those below 40% low.
The ISAC microarray (ThermoFisher Scientific) enables the measurement of sIgE antibodies to a fixed panel of 112 components from 51 allergen sources in a single step. The results are reported as ISAC standardized units. Following the manufacturer's recommendations, levels >0.3 ISAC standardized units/l are regarded as positive. While the ISAC microarray panel contains only 1 CCD (MuXF3, a carbohydrate chain which is found in many plant proteins) and 1 thaumatin-like protein (from kiwi), it contains 10 different PR-10 proteins (from birch, alder, hazel pollen, hazelnut, apple, peach, soy, peanut, kiwi and celery), 8 LTPs [from peanut, hazelnut, walnut, peach, mugwort, olive tree, London plane (Platanus acerifolia) and wheat] and 4 profilins [from birch, latex, dog's mercury (Mercurialis annua) and Timothy grass].
Statistical Analysis
For correlations, the Spearman rank correlation method was used because data were not normally distributed. A p value of <0.05 was considered statistically significant. Data were analysed and visualized by using GraphPad Prism version 5.01 for Windows (GraphPad Software, San Diego, Calif., USA).
Results
Most of the 116 bakers were male (81%) with a mean age of 38.3 ± 12.0 years; 31 (26.7%) were current smokers and 20 (17.2%) were ex-smokers. While 56 bakers (48.3%) were still working at the time of the study, 60 (51.7%) had left the job due to allergic symptoms. Eighty-nine subjects (76.7%) complained of asthma and out of these, 86 also reported rhinitis. Twenty-five bakers (21.6%) reported rhinitis but no symptoms of asthma. Only 2 bakers reported food allergy, 1 to fish and 1 to kiwi, clam and pineapple.
Seventy-one bakers (61%) had sIgE to wheat flour (range of positives 0.38-82.6 kU/l, median of positives 2.52 kU/l), 75 (65%) to rye flour (range 0.36-91.5 kU/l, median 2.18 kU/l), 38 (33%) to lupine (range 0.36-62.2 kU/l, median 0.87 kU/l), 41 (35%) to peanut (range 0.43-45.8 kU/l, median 0.90 kU/l), 27 (23%) to soy (range 0.37-17.0 kU/l, median 0.68 kU/l) and 17 (15%) to rBet v 1 (range from 0.47 to >100 kU/l, median 5.92 kU/l). While only 14% of the French and 20% of German bakers were sensitized to lupine, higher percentages were found for Spanish (36%), Polish (38%), Italian (39%) and especially Austrian (50%) bakers (data not shown). Out of the 38 lupine-sensitized subjects, sIgE to peanut was measured in 35 (92%) and to soy in 23 (61%; fig. 1 a) . Thirtyfour subjects (89%) were sIgE positive to wheat flour and 35 (92%) to rye flour ( fig. 1 b) . In total, all lupine-sensitized subjects had sIgE to either wheat flour and/or peanut ( fig. 1 c) . In the 4 lupine-sensitized subjects without sIgE to wheat flour, the lupine sIgE values were very low (0.36-0.59 kU/l), and 1 subject had sIgE to rye flour (0.43 kU/l). Eight of the 38 lupine positives (21%) had sIgE to rBet v 1.
Fifty-four (47%) out of the total group of 116 bakers and 23 (61%) out of the 38 lupine sIgE positive bakers were atopic according to SPT results with common aeroallergens. Lupine sIgE concentrations correlated significantly with concentrations of sIgE to peanut, soy, wheat and rye flour, with the strongest correlation to peanut fig. 2 ). In general, sIgE values to wheat and rye flour were higher than those to lupine. To clarify whether an overlapping in IgE binding to lupine and wheat/rye flour was due to co-sensitization or cross-reactivity, 8 bakers' sera with moderate-to-high concentrations of lupine sIgE were chosen for inhibition experiments as well as for single allergen testing. With the exception of 1, all bakers were atopic. sIgE to wheat and rye flour as well as to peanut and soy were positive in all bakers, whereas only 2 bakers were positive to rBet v 1. The sera from 3 bakers (No. 5, 6 and 8) reacted to wheat LTP, and the sera from bakers No. 6 and 7 showed IgE binding to both wheat profilin and to HRP ( table 1 ) .
IgE binding to lupine was inhibited almost completely (mean inhibition rate: 83%) in all 8 bakers' sera using lupine extract as an inhibitor (auto-inhibition; table 2 ). Using wheat flour as an inhibitor, IgE binding to lupine was also inhibited by >60% in the sera from subjects No. 5-8 (mean inhibition rate in these sera: 78%). Remarkably, in 3 of the 4 cases the inhibition rate with wheat flour was higher than with lupine itself ( table 2 ) . In contrast, inhibition of lupine sIgE by wheat flour was low in sera No. 3 and 4 and negative in sera No. 1 and 2.
To get further information about potential cross-reactive structures and plant panallergens, the 8 sera were tested for their IgE binding profile to CCD, PR-10 pro- tein, profilin, LTP and thaumatin-like protein using ISAC microarrays ( table 3 ) . IgE binding to LTP was observed in all 4 sera in which IgE binding to lupine was strongly inhibited by wheat flour (subjects No. 5-8), whereas binding to profilin was seen in only 2 samples. Only 1 serum reacted with the CCD, namely MuXF3. To confirm the above findings, ImmunoCAP inhibition experiments were performed to assess whether IgE binding to LTP, profilin or a CCD could be inhibited by lupine. Since the serum from subject No. 7 did not show any IgE binding to the LTP ImmunoCAP, inhibition experiments with LTP were only performed with sera No. 5, 6 and 8 and those with profilin with sera No. 6 and 7. Serum No. 7 was also tested using HRP as an inhibitor.
As shown in table 2 , IgE binding to LTP in subject No. 5 was inhibited by lupine in a similar range as by LTP. Also in subject No. 6, the IgE binding to profilin was clearly inhibited by lupine, while only a weak inhibition of IgE binding to HRP by lupine was observed in subject No. 7.
Discussion
About one third of 116 European bakers with workrelated allergic symptoms showed sIgE to lupine. In these bakers, sIgE to wheat flour and/or peanut were also positive, and the results indicated a highly significant correlation between sIgE to these allergens. None of the bakers had reported any food allergy to peanut. In the present study, we show that IgE binding to lupine was inhibited by wheat flour to >60% in some cases, results which for the first time support cross-reactivity between lupine and wheat flour. The bakers in this study were initially examined within the scope of claims for compensation due to occupational asthma in 6 European countries. Because of this selection, the overall prevalence of lupine sensitization in bakers from the different countries could not be estimated. In addition, although we have no information on the actual amount of lupine flour used by the examined bakers, data received from the German bakery industry and from the literature [21] show that lupine flour can be used successfully up to 10% in bakery products.
According to previous work, sensitization to lupine is frequently not clinically relevant and is most likely caused by cross-sensitization to peanut [1] . None of the bakers in our study had reported peanut allergy, and nearly all lupine-positive bakers showed sIgE to wheat and rye flour. Therefore, it was unclear whether sensitization to lupine flour could be based on cross-reactivity to grain flour, prompting us to perform inhibition experiments. In 4 out of 8 lupine-positive sera, IgE binding to lupine was strongly inhibited by wheat flour, whereas inhibition was low or negative in the other 4 sera (No. 1-4) . Interestingly, 2 of the latter sera were positive in ImmunoCAP to rBet v 1 and 3 of them to PR-10 proteins in the ISAC microarray. These proteins could be responsible for the cross-reactivity with lupine, peanut and soy in pollensensitized subjects [1, 8] . In fact, all 4 bakers were atopic, which means that they were SPT positive to either grass pollen, birch pollen and/or house dust mite. Forty-seven percent of all examined bakers were atopic; however, in the lupine-sensitized subjects, this increased to 61%, supporting the results of Gayraud et al. [22] , who reported that lupine sensitization is more frequent in subjects with underlying atopy.
The results of the microarray and inhibition experiments with single allergens in the 4 lupine-positive bakers' sera with pronounced wheat inhibition (No. 5-8) suggested that LTP, profilin and/or CCDs seem to be involved in cross-reactivity between lupine and wheat flour. LTPs are known sensitizers via oral exposure, but they can also act as inhalant allergens. The wide distribution of LTPs among plants suggests this panallergen to be responsible for cross-reactivity among fruits and/or pollens [23, 24] . This cross-reactive potential was supported by the microarray results of subjects No. 5, 6 and 8 who showed IgE binding to at least 6 out of 8 different LTPs. Interestingly, subjects No. 5 and 8 reacted to wheat LTP in the ImmunoCAP but not in the microarray analysis. This phenomenon could be based on the usage of different LTP isoforms [25] or on differences in protein structure after binding to the dissimilar solid phases. However, the relevance of wheat LTP (Tri a 14) as a major allergen involved in baker's asthma was supported by the observation that 60% of 40 Spanish bakers had sIgE to this protein [26] .
Profilins, ubiquitous proteins present in pollen and vegetables, are also panallergens and responsible for the so-called pollen-fruit syndrome due to cross-reactivity. Between 10 and 50% of pollen-allergic patients are sensitized to profilin, although this is not always clinically relevant [27] . While the sera from the subjects No. 6 and 7 bound to wheat profilin in ImmunoCAP and also to all 4 tested profilins from different plant sources in ISAC, IgE binding to lupine was inhibited by profilin in only 1 serum sample (No. 6). However, the lack of inhibition in serum No. 7 could be based on an insufficient allergen concentration in the inhibitor solution.
It is known that CCDs can be highly cross-reactive and that they are frequently bound by patients who are IgEsensitized to common aeroallergens [28] . Only few data The ratio of positive results to the total number of tested panallergens is shown. exist on the prevalence and clinical relevance of IgE binding to CCDs in occupational asthma. Kespohl et al. [29] showed that in a number of wood workers with sIgE to beech or pinewood, IgE binding was clearly reduced by HRP, suggesting that IgE binding was mostly directed to CCDs.
Our findings on the cross-reactivity between wheat flour and lupine due to the recognition of LTP, profilin and CCDs support a previous study that showed IgE binding to different single wheat flour allergens as well as to HRP and MuXF3 in sera from 40 wheat flour-positive symptomatic bakers and 10 controls with pollinosis [20] . The authors reported that both groups showed IgE binding to profilin and LTP even though the control group had a higher percentage of positive sIgE values than the bakers' group. IgE binding to HRP and MuXF3 was as frequent as to the most relevant recombinant allergens in the bakers' group and nearly as frequent as to the panallergen profilin in the control group. The current results indicate that wheat sensitization of bakers due to inhalative exposure could be primarily responsible for the high prevalence of sIgE to lupine. Also, the high frequency of sensitization to peanut and soy in 92 and 61%, respectively, of lupine-sensitized bakers may be partially based on cross-reactive structures in legumes and cereals because none of these patients reported symptoms to these legumes.
Further plant proteins could play a role in allergenic cross-reactivity in bakers. 1-Cys peroxiredoxin appeared to be a relevant wheat allergen that showed IgE cross-reactivity with seed proteins from barley, rye, rice, maize, soy, oat and spelt. 1-Cys peroxiredoxin was mainly recognized by patients with baker's asthma but not wheat-induced food allergy [30] . As mentioned before, none of the bakers in our study had reported any food allergy. However, there is still the question whether the secondary sensitization of bakers to lupine, peanut and/or soy can cause clinical symptoms after inhalative exposure against these substances. One limitation of our study is the missing data on lupine exposure in bakeries and the fact that in all cases the work-related symptoms of the bakers could be explained by an allergy to wheat and/or rye flour, and therefore no inhalation challenges with lupine flour were performed.
There is little information in the literature about the clinical significance of cross-reactivity between inhalative allergens in occupational settings. As reported by Merget et al. [31] , asthmatic subjects without occupational exposure to grain flours, but with a high degree of sensitization to grass pollen allergens and a secondary sensitization to grain flours, showed allergic reactions during challenge tests with wheat/rye flour. On the other hand, a notable finding of a previous study on soy bean-exposed workers was that workers with an increased sIgE or a positive SPT to soy did not have more symptoms than workers with negative tests [32] . The authors concluded that immunological tests for sensitization were not useful in identifying workers with soy bean-related disease.
In conclusion, we could show that lupine sensitization in some of the symptomatic bakers was based on crossreactivity with wheat flour. Moreover, the considerable sensitization rate could also be a sign of an occupational relevance of lupine flour in bakeries. However, lupine exposure levels in bakeries are unknown, and the clinical significance of cross-reactivity with regard to occupational disease remains to be clarified.
